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Abstract 
Performance based evaluations are commonly completed as part of the human factors verification and validation of control rooms 
of new builds or substantial modernizations in Nuclear Power Plants. The validation of the Main Control Room system in the 
nuclear industry entails the assessment of specific performance components such as plant performance, situation awareness, 
workload, task performance, and anthropometric and physiological factors. This evaluation is expected to take place in realistic 
contexts, simulating the plant’s operation and covering also abnormal and emergency operation situations. There is a vast set of 
measures to address these human performance components, and the relations among the different concepts and different 
measures are not clearly defined. The measures used to assess human performance can also vary significantly regarding the type 
of rater (self-rated, observer-rated, objective ratings), the type of scale (rating scales, correct/incorrect decisions, open answer, 
acceptability judgments), the moment of rating (online rating, end of scenario, scenario freezes), among others. In this paper we 
try to analyze these relationships between task performance, workload, and situation awareness. We explored the results of both 
self-rated, observer-rated, and objective measures. We explored the relations between and within measures, as well as the trends 
across the different assessments, affected by control room modifications. The results indicate a similar pattern in workload and 
situation awareness measures through evaluations; that the relations within self-rated measures appear to be clearer than between 
self-rated and observer-rated measures; and that there seems to be a trend for improved task performance results in the control 
room throughout the years. 
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1. Assessing human performance 
Human performance is a crucial aspect in control room evaluations in the nuclear industry. The disciplines of 
Human Factors, Cognitive Engineering and Ergonomics rely on the development, testing and enhancement of 
performance measures to fulfill their role in understanding, promoting, and explaining human behavior in complex 
systems. There are many factors that might affect, restrict, or enhance human performance and as such this is a 
multifaceted concept, comprising various dimensions from contextual and environmental influence, to high order 
internal cognitive processes of reasoning, as well as social and teamwork factors, basic perceptive and motor 
phenomena, training effects, amongst many other relevant dimensions. 
Specifically in the nuclear industry, in order to license operation, regulations for main control room validation 
and verification require that human performance is assessed in the context of overall system performance – 
involving personnel, hardware and software systems and their integration [1]. Both physiological factors (such as 
vision or motor control) and cognitive factors (such as attention and memory) have an impact on the tasks that the 
personnel need to complete in the control room [2]. The physiological factors can be regarded as more easily 
observable and testable, being related with ergonomics and the physical capacity of the operators – instruments in 
reach, visibility from the usual sitting place, capacity to hear other team members from the working station, etc. Not 
being directly observable, the cognitive factors raise other challenges – what aspects of cognition are relevant for the 
tasks in the control room? Which ones are the most relevant? Do they contribute to the understanding of 
performance? Could they support predictions of future performance? These are central aspects in human 
performance and practitioners, researchers, and regulators have been making a significant effort to define and 
operationalize them [2], [3], [4]. We will give particular emphasis to the concepts of situation awareness, workload, 
and task performance, since they are particularly frequent in human factors, not only in the nuclear industry [5], but 
also in the military [6], aviation [7], railway [8], oil & gas [9], driving [10], or process industry [11]. 
Situation awareness refers to the individual/team perception of the surrounding environment and its elements at a 
certain point in time, including also an understanding of the current status and a prediction of a future situation or 
identification of a trend in the system [7]. This definition is generic and is applicable to different industries and 
tasks. The operationalization of the concept and the development of measures to evaluate it is however dependent on 
the specific contexts [12], with different elements of situation awareness being more emphasized in one domain than 
in others.  
Workload, more specifically cognitive workload, refers to the amount of work that an individual can perform at a 
certain time, or more specifically, the amount information an individual can process or the mental effort required to 
complete a task [13]. Workload is commonly self-evaluated, reflecting an individual perception of a 
multidimensional concept, covering aspects related with mental and physical effort, frustration, or time constraints 
that go beyond the objective task difficulty and demands [14]. 
The overall idea of human performance in the control room relates to the accomplishment of a task according to 
predefined parameters of accuracy and efficiency. As such, the observable aspects of human performance are 
determined by the assessment of task performance, which can be objectively assessed by the completion of specific 
observable tasks. In NUREG-0711 [1], performance measures are presented in a hierarchal fashion, building up 
from physiological and anthropometric aspects to workload, then situation awareness, personnel task performance, 
and finally overall plant performance. As such, workload is implicitly presented as an influence factor in situation 
awareness, and situation awareness is believed to have a determinant role on personnel task performance. These are 
very relevant assumptions in verification and validation of control rooms in the nuclear industry and we will attempt 
to explore these relationships between concepts in this paper. 
In the next sections we will layout the overall goals for the analysis presented in this paper, focusing on two 
central questions regarding the measures of workload and situation awareness used in control room evaluation: 1) 
What are they for? and 2) Are they useful? 
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1.1. What are the concepts of workload and situation awareness for? 
As mentioned before, the relevance to assess constructs such as cognitive workload and situation awareness relies 
on their assumed impact on task performance. Understanding and predicting human performance is the ultimate goal 
for human factors analysis, and concepts about how people perceive, interact and understand their surrounding are 
important for their actions. As such, aspects such as workload and situation awareness are relevant to the extent that 
they provide insight into the operators’ internal model of how things work, and help to explain the subsequent 
decisions and actions [4]. The utility of assessing these aspects has relied essentially on the possible 
recommendations and adjustments that can be made to the working environment to facilitate the desired behavior 
and to prevent inadequate responses, for instance by improving the interface design, adding elements to a team, 
repositioning screens so that everyone can see them, amongst others. 
1.2. Are the concepts of workload and situation awareness useful? 
The concepts of situation awareness and workload were driven from a need to explain human performance not 
only through observable behavior, but also relying in cognitive processing aspects that are not directly observable. 
Nonetheless, the measurement, definition, and implication of assuming that these concepts have a direct effect on 
task performance can still be controversial [15].  
A particularly relevant question rises from the correlations or connections between the measures of the different 
concepts [16]: can we assess situation awareness and workload separately? The definition of the two concepts seems 
to pinpoint clearly different aspects, however their impact on task performance might be combined, for instance 
assuming that situation awareness can have an effect on the time it takes to complete a goal, and that workload 
might contribute to pace the decision-making and search time available for situation awareness processes. Berggren 
et al. [6] have explored these connections through structural equation modeling and reported some preliminary 
results where a model that presents situation awareness as a mediator between the joint effects of workload and 
teamwork on performance seemed to be promising. 
Overall, the collective effort to improve the models, definitions, and measurement of the cognitive dimensions 
related to task performance, namely workload and situation awareness, has resulted in a significant increase of the 
knowledge and understanding of human performance, and contributed to practical improvements for operators [4]. 
2. Method 
In the nuclear industry Verification and Validation activities assess whether the control room follows human 
factors engineering design principles that allow the operators to efficiently complete their tasks, supporting the 
achievement of plant safety and operational goals [1]. A central part of Verification and Validation refers to the 
application of performance-based tests in full-scale simulators, enabling the testing in a “close-to-real” context that 
will allow the generalization of results to real-life performance in the plant (Integrated System Validation - ISV).  
We will focus on a selected analysis of the measures/data collected in three ISV evaluations in a specific plant 
through a period of approximately 6 years. Evaluation 1 (E1) refers to the initial control room simulator, before any 
control room modernization; Evaluation 2 (E2) refers to data from the ISV performed right after a control room 
modernization in the new simulator (3 years later than E1); and Evaluation 3 (E3) reports data from an ISV 
evaluation done 3 years after E2 (and as such after some familiarization with the modernized simulator/control 
room), as a long-term validation plan to the new control room. 
Having this long-term approach, allowed us to focus on the measurement correlations, and provided a bigger data 
sample using the same measures in different moments. The data we present here corresponds to the simulator 
evaluation of four scenarios (2 accident and 2 non-accident scenarios), repeated in three different moments of 
evaluation with different crews from the plant. According to the evaluation teams, these scenarios were considered 
very good to assess control room overall performance, since they were complex and demanding, allowing a realistic 
test of the set-up. The presented analysis corresponds to overall data, collected in all scenarios. 
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2.1.1. Workload measures 
Workload was evaluated with the NASA Task Load IndeX – NASA-TLX (Hart & Staveland, 1988). This scale is 
a self-rated scale (subjective experience, rated by operators) and consists of six sub-scales – mental demand, 
physical demand, temporal demand, performance, effort, and frustration – evaluated in a rating scale with 11 points. 
The performance subscale is evaluated from “failure” (0) to “perfect” (100) and all the others are labeled from “low” 
(0) to “high” (100). A generic workload rating was also obtained from two external observers in a seven points 
rating scale. 
2.1.2. Situation awareness measures 
The Situation Awareness Control Room Inventory – SACRI [17] is a measure that allows the direct assessment 
of the operators’ knowledge of current, past, and future status of specific parameters in the plant (comparing 
answers to real status). The measure has 18 items and, for each one, the operators must answer whether a specific 
parameter has increased, decreased, or remained stable in the last period of time. A three-item questionnaire on 
situation awareness (covering information gathering, process status, and predictability of the process) was also 
presented to the operators to assess the subjective perception of obtained overview. Observers also rated in a 7 
points scale the process status understanding of the operators and prediction of process development. 
2.1.3. Task performance measures 
The Operator Performance Assessment System – OPAS [18] was used in this evaluation providing a task-goal 
oriented performance score. This measure entails that a process expert analyses the test scenarios and the required 
activities in each one defining an ideal performance situation that serves as a comparison to the real performance of 
the crews during the test (proportion of completed tasks). This measure involves activities that relate both with 
information gathering and with direct actions on plant process. This is considered a direct measure since it entail the 
comparison of actual and ideal performance. Observers rated in a scale (rating scale with 7 points) teams’ task 
performance. A operator-rated performance measure was also presented, covering performance in crew’s tasks. 
3. Results 
The collected data had different sources and each measurement varied in the type of scale used for the rating. As 
such, to facilitate the analysis and interpretation, we chose to normalize all the data before the correlation analysis. 
The tables below show both the original and the normalized data used in this analysis. 
3.1. Workload 
The ANOVA analysis revealed no significant differences in the workload measurements in each of the evaluation 
moments: F (4, 184) = 1.45, p = .22. Figure 1 illustrates the results. 
Fig. 1. Workload measures results in each evaluation moment. 
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The data analysis revealed that there is a significant correlation between the observer and operator rating for 
workload (τ = .52, p < .05). This correlation was observable in all moments of evaluation: E1 = .44, p < .05; E2 = 
.61, p < .05; and E3 = .50, p < .05. 
       Table 1. Workload values for each moment of evaluation (standard deviation in brackets). 
 Observer Rating Operator Rating (NASA - TLX) 
 Original Score Normalized Score Original Score Normalized Score 
E1 5.45 (1.30) 0.61 (0.32) 37.97 (12.40) 0.54 (0.26) 
E2 5.34 (1.39) 0.59 (0.35) 38.00 (10.85) 0.54 (0.23) 
E3 5.45 (1.20) 0.61 (0.30) 34.11 (10.98) 0.46 (0.23) 
3.2. Situation awareness 
The analysis if the situation awareness evaluations in the three moments of evaluation revealed equivalent ratings 
in the measure for all measures in all moments: F (6, 182) = 2.10, p = .06. There is a trend for a lower rating in the 
evaluation done immediately after the modernization (E2) for operator-rated and objective measures, possibly 
showcasing less familiarity with the control room. 
The ratings obtained in situation awareness assessment from the observers, operators, and from the objective 
evaluation did not seem to correlate with each other generally (p = n.s.), and considering each moment of evaluation 
only E2 revealed a significant correlation between observer and operator-rated situation awareness (τ = .27, p < .05). 
Table 2. Situation Awareness values for each moment of evaluation (standard deviation in brackets). 
 Observer Rating Operator Rating Objective Evaluation (SACRI) 
 Original Score Normalized Score Original Score Normalized Score Original Score Normalized Score 
E1 4.97 (1.36) 0.59 (0.27) 5.27 (0.72) 0.59 (0.20) 0.79 (0.11) 0.75 (0.16) 
E2 4.89 (1.23) 0.58 (0.25) 4.85 (0.73) 0.47 (0.20) 0.71 (0.12) 0.64 (0.18) 
















Fig. 2. Situation Awareness measures in each evaluation moment. 
 
















Fig. 3: Performance measures in each evaluation moment. 
3.3. Performance 
The performance ratings showed a significant statistical difference across moments of evaluation [F (6, 182) = 
2.22, p < .05]. This contrast resulted from a significant difference between E2 and E3 in OPAS (t (32) = -2.24, p < 
.05) and the operator-rated performance (t (32) = -3.83, p < .01), favoring performance in E3. Although non-
significant, there is an observable trend to better performance results in E3 than in the original control room (E1). 
In the performance measures it is possible to observe a correlation between the objective measure and both the 
observer ratings (τ = .35, p < .05) and the operator ratings (τ = .15, p < .05). However, there is no correlation 
between the ratings of the operators and the observers. In the evaluation moment analysis a correlation is observed 
only for observer-rated and objective measures in moment E1 (τ = .54, p < .05) and E2 (τ = .25, p < .05). 
Table 3. Performance values for each moment of evaluation (standard deviation in brackets). 
 Observer Rating Operator Rating Objective Evaluation (DOS – OPAS) 
 Original Score Normalized Score Original Score Normalized Score Original Score Normalized Score 
E1 4.83 (1.48) 0,61 (0,27) 5.84 (0.80) 0.65 (0.24) 81.51 (12.34) 0.66 (0.23) 
E2 4.73 (1.20) 0,59 (0,22) 5.56 (0.68) 0.57 (0.20) 76.67 (12.55) 0.57 (0.23) 
E3 5.06 (1.97) 0,65 (0,19) 6.09 (0.39) 0.73 (0.12) 82.92 (9.67) 0.68 (0.18) 
3.4. Relations between measures 
3.4.1. Relation between observer ratings 
The correlations amongst the observer ratings revealed a connection between the rating of situation awareness 
and performance (τ = .69, p < .05) and situation awareness and workload (τ = -.14, p < .05). The correlations 
between workload and performance were non significant. 
3.4.2. Relation between operator ratings 
The operator ratings between situation awareness and workload were significantly connected (τ = -.34, p < .05), 
with lower workload values being associated with higher situation awareness ratings; as well as the ratings of 
situation awareness and performance (τ = .48, p < .05) with a positive correlation. The Kendall’s tau correlation was 
also significant for the ratings of workload and performance (τ = -.31, p < .05), with better performance ratings 
linked to lower workload values. 
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3.4.3. Predicting performance measures 
We intended to analyze the predictive value of the obtained situation awareness and workload ratings in the 
prediction of performance. The results from the multiple regression of observer, operator and objective ratings of 
workload and situation awareness on the performance results are presented in Table 4.  
For the observer-rated performance it was possible to find that about 71% of its variance is explained by the 
workload and situation awareness measures [F (5, 90) = 43.27, p < .01, error =.13]. The observer-rated situation 
awareness was the best single predictor for observer-rated performance, with β = .84 [t (90) = 13.93, p < .01)]. 
The multiple regressions showed that for the operator-rated performance, around 38% of variance could be 
explained by the independent variables [F (5, 90) = 10.98, p < .01, error = .16]. In this case, the best individual 
predictor was the operator-rated situation awareness, with β = .48 [t (90) = 4.80, p < .01]. 
Finally, for the objective measure of performance OPAS, about 35% of the variance was explained [F (5, 90) = 
9.74, p < .01, error = .18], with the observer-rated situation awareness being the main predictor with β = .49 [t (90) = 
5.50, p < .01]. 
 All the other independent variables were not able to show a relevant predictive value of the variance in the three 
target performance measures. 
Table 4. B values and standard errors (in parenthesis) for the multiple regression (* signals statistical significance). 
 Observer-rated Performance Operator-rated Performance OPAS Performance 
Observer-rated Situation Awareness 0.79 (0.06)* 0,05 (0,07) 0.44 (0.08)* 
Observer-rated Workload 0.02 (0.06) 0,01 (0,07) - 0.08 (0.08) 
Operator-rated Situation Awareness - 0.12 (0.07) 0.48 (0.10)* 0.07 (0,11) 
Operator-rated Workload - 0.06 (0.08) - 0,22 (0,11) - 0,09 (0,12) 
Objective Situation Awareness (SACRI) 0.11 (0.09) - 0,14 (0,12) - 0,05 (0,13) 
4. Discussion and conclusions 
From the presented results it was possible to show that overall ratings of workload and situation awareness 
remained fairly stable in three independent evaluation moments for the same plant. The results also showed a trend 
to improved performance in the later evaluation. 
The data from this study suggests that situation awareness can be a strong predictor of performance, both within 
the observer-rated measures and within operator-rated measures, confirming the assumption that situation awareness 
is a relevant aspect for performance in complex systems.  The objective measurement of situation awareness did not 
predict any of the task performance results. This suggests that the type of ratings that are used (observer-rated, 
operator-rated, or objective) seems to be determinant on the predictability of the measure.  
The assumption that workload is an important factor for situation awareness was partially confirmed in the 
current analysis, since workload and situation awareness measurements appeared to correlate within observer and 
operator-rated measures.  
Overall the correlations tended to be more common and/or stronger within raters than between raters measures, 
and this aspect was visible in two ways: 1) for example, the observer-rated performance measures were predicted by 
observer-rated situation awareness measures, but not by any other situation awareness measure; and 2) for example, 
the observer-rated and operator-rated measures for situation awareness did not correlate in the global analysis, 
suggesting that the two groups of raters might have been assessing different aspects. 
The final results table (Table 4) reveals a low number of significant workload and situation awareness predictors 
for all performance measures. A relevant aspect that should be mentioned is the fact that, as mentioned in the 
introduction, control room performance is dependent of various aspects, from the plant systems to the human-
machine interfaces in the control room, going through social and team aspects, and also other cognitive aspects 
related with decision-making or even basic perception – this implies that the amount of variability that could 
potentially be explained by workload and situation awareness concepts is, by definition, limited. Nonetheless, our 
goal with this work was to explore the amount of variability in performance that could actually be explained by 
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these concepts, in an effort to understand whether developing methods and tools to address them could improve our 
understanding of human performance. 
Overall, based on the results of this exploratory analysis, we can conclude that situation awareness is still a 
valuable construct to the understanding and prediction of human performance. However, the way the concept of 
situation awareness is defined and measured, is fundamental, since correlation and prediction in this analysis did 
differed substantially between the types of ratters in the situation awareness and task performance measures.  
Some essential aspects to attend to in the future rely on the further exploration of the role of workload in human 
performance in complex systems, trying to link the workload measurements to situation awareness and overall 
performance. Simultaneously, one aspect that we evaluate as crucial is the understanding of how the type/nature of 
the measure, namely the type of raters that are selected, can impact the results of the evaluation and also the 
constructions of models of human performance in the specific context of the control room. Ultimately, being able to 
select the most reliable and valid sources for information (whether they are self-rating, process expert knowledge, 
direct observations, objective measures, or any combination), would contribute to a more efficient and robust 
practice in control room evaluations, hopefully reducing the amount of measures and time that are required to 
achieve a weighted decision on whether the control room supports safe operation. 
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